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Abstract 
In this work we characterize height-selective emitters. The concept of a height-selective emitter is similar to the 
classical selective emitter but applied on a much smaller scale. Concretely, we masked textured wafers by a spin 
coating oxide. Scanning electron microscopy (SEM) analysis revealed that only the valleys between the tips of the 
pyramids are covered by the oxide while the tips are open. Thus, subsequent phosphorus diffusion leads to a highly 
doped emitter on the tips of the pyramids, and a lowly doped emitter at the sides and valleys in between. This was 
demonstrated by SEM measurements on cross section prepared samples. Further characterization consisted of IV, 
spectral response, and contact resistivity measurements as well as the determination of the silver crystallites’ 
distribution, both on height-selective and standard emitter cells with different emitter sheet resistances. In contrast to 
homogeneous emitter cells, height-selective emitter cells, although exhibiting a high macroscopical sheet resistance, 
could still be well contacted by standard silver pastes. Just a few silver crystallites at the tips of the pyramids allowed 
a good contact. Up to 110 Ω/sq fill factors higher than 77.5% could be achieved. The last part of the characterization 
consisted of carrier lifetime measurements on standard and height-selective emitter samples with symmetric 
structures to determine the implied open circuit voltage, emitter saturation current density and effective lifetime to 
identify limiting factors such as emitter, front, and back surface recombination. These measurements demonstrated 
that height-selective emitters benefit from a lower recombination in the emitter allowing a higher open circuit 
voltage.  
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1. Introduction 
Standard screen printed industrial solar cells typically exhibit sheet resistances (Rsheet) between 60 and 
70 Ω/sq. The emitters are doped so highly to ensure that the contact resistance of the front grid is low. 
However, these cells are limited by recombination losses decreasing the generated current and the open 
circuit voltage. In this work, we characterize height-selective emitters, which provide a basis for 
production of well contacted solar cells with a high Rsheet emitter by using standard pastes. 
2. Experimental 
The basis of the height-selective emitter is spin coating of a liquid oxide precursor on a textured wafer. 
The theoretical and practical aspects of spin coating are discussed in [1] and [2]. The spin-on approach for 
a height selective emitter is discussed in [3]. 
2.1. Sample preparation 
The workflow used to process standard homogeneous emitter cells and homogeneous emitter cells 
with double diffusion, both as references, and height-selective emitter cells is shown in Fig. 1. The 
material was provided by Bosch Solar Energy AG and consisted of p-type Cz silicon wafers of size 
15.6×15.6 cm2 with a bulk resistivity of 3-6 Ωcm and a thickness of 180 μm. The first process steps were 
alkaline texturization and cleaning. Then, for the height-selective emitter sequence, a shallow POCl3 
diffusion was performed, PSG was etched by HF, a liquid precursor was deposited by spin coating and 
thermally converted to an oxide and, subsequently, a second diffusion was carried out. The homogeneous 
emitter process with double diffusion did not include the spin coating step, the standard homogeneous 
emitter process did not include both, the spin coating and the shallow emitter step. 
Target sheet resistances were either 185 or 135 Ω/sq in case of the first (shallow) diffusion and 135, 
115, 100, 85, 65 or 55 Ω/sq in case of the second diffusion. For the standard homogenous emitter process 
only the 55 Ω/sq diffusion was performed. 
The next steps were identical for all processes: The PSG (and the oxide barrier) was etched by HF, 
SiNx was deposited, the wafers were printed with standard pastes, co-fired and laser edge isolated.  
 
 
Fig. 1. Workflow for homogeneous and height-selective emitter cells. 
3. Characterization 
3.1. Precursor coverage 
In order to determine the precursor coverage, laser scanning microscopy (LSM) was performed for 
wafers without (Figures 2a and 2b) or with the precursor deposited on the surface (Figures 2c and 2d). 
Comparing Fig. 2a with 2c and Fig. 2b with 2d, the regions without the precursor are distinguishable by a 
darker blue. 
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Fig. 2. LSM images. (a) top view and (b) inclined view show a textured wafer without precursor. (c) top view and (d) tilted view 
correspond to a textured wafer after the deposition of the precursor. 
Figures 3a and 3b show SEM cross sections of a sample with the precursor (oxide). The oxide is 
charged during the SEM measurement and therefore visible. It is deposited in the valleys between the 
pyramids. Fig. 3c corresponds to a tilted view of the sample. Smooth and rounded forms are found. The 
oxide thickness gradually declines from the bottom (valley or region between pyramids) to the top of the 
pyramids. 
 
 
Fig. 3. SEM images. (a) is a cross section view of oxide coverage and (b) shows the marked red rectangle from (a) where the oxide 
is well visible. (c) Pyramids show in the valleys rounded shapes indicating that the precursor behaves like “snow on mountains”. 
3.2. Emitter thickness 
After performing the second diffusion, the thickness of the height selective emitter was determined by 
scanning electron microscopy (SEM). The emitter thickness varies between around 500 nm to 650 nm at 
the bottom of the pyramids and around 850 nm at the top of the pyramids (Fig. 4). The difference in 
emitter thickness between bottom and top is 200 to 300 nm. Since spin coating of the precursor resulted in 
a thick oxide layer filling the valleys between the pyramids and leaving the tips open (see 3.1), the second 
diffusion was only effective at the pyramid tips while the rest of the surface was masked by the precursor. 
 
 
Fig. 4. Spatially resolved emitter thickness determination by SEM. 
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3.3. Silver crystallite distribution 
Ag crystallite formation was investigated by removing the front side metallization, firstly by HNO3 
(65%) and then by HF (5%). Subsequently, SEM measurements were performed. HNO3 removes the 
silver fingers and HF eliminates glass rests. Thus, Ag crystallites that are covered by glass remain, while 
Ag crystallites that are not covered by glass are removed resulting in contact imprints [4].  
For cells with a homogeneous emitter, the highly doped emitter (55 Ω/sq) showed a large number of 
silver-crystallites homogeneously distributed on the tips, edges and sides of the pyramids (Fig. 5a). The 
crystallites on the tips are very large. The fill factor is high (78.7%). The number of silver-crystallites and 
the fill factor decreases with increasing sheet resistance (Fig. 5a to 5d). In the extreme case of a very 
shallow homogeneous emitter (120 Ω/sq) the silver-crystallites are still found on the edges and tips of the 
pyramids, but the fill factor is insufficiently low (73.6%). 
 
 
Fig.5. Silver crystallites of an etched back metalized cell with a homogeneous emitter. (a) 55 Ω/sq and a fill factor of 78.7%, (b) 64 
Ω/sq and a fill factor of 78.3%, (c) 77 Ω/sq and a fill factor of 77.8% and, (d) 120 Ω/sq and a fill factor of 73.6%. 
In contrast, in case of the height-selective emitter silver-crystallites are only found at the tips of the 
pyramids independent of overall sheet resistance (Fig. 6a to 6d). Since the fill factor remains above 77% 
up to 115 Ω/sq, the few silver crystallites found at the pyramid tips are obviously sufficient to allow for a 
good contact between the bulk silver finger and the doped silicon. This result supports the conclusion of 
[4] that Ag crystallites on the pyramid tips are main contributors to the current flow between silicon and 
the silver finger’s bulk. 
 
 
Fig. 6. Silver crystallites and imprints of an etched back metalized cell with a height-selective emitter. (a) 62 Ω/sq and a fill factor of 
78.5%, (b) 70 Ω/sq and a fill factor of 78.4%, (c) 110 Ω/sq and fill factor of 77.6%, and (d) 115 Ω/sq and a fill factor of 77.2%. 
The analysis also supports the hypothesis that a high density of crystal defects is needed in order to 
create silver crystallites. In [5] it is suggested that these defects are created through POCl3 diffusion when 
the solid solubility of phosphorus in silicon is exceeded. 
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3.4. Carrier lifetime, contact resistivity and spectral response 
For lifetime measurements symmetric structures were prepared and measured by the QSSPC method: 
Textured wafers were cleaned and diffused according to the scheme in Fig. 1. For the samples with 
height-selective emitters, the precursor was spun on both sides of the wafer. Finally SiNx was deposited 
on both wafer sides and fired. The spectral response was measured on complete processed cells. The 
contact resistivity was measured on cut cells of 15.6×1 cm2 size. 
 
Fig. 7. (a) Implied Voc (empty symbols) and Voc from IV measurement (full symbols). (b) Emitter saturation current density and 
contact resistivity. Both (a) and (b) give values for a height-selective emitter and a homogeneous emitter with different Rsheet where 
135 Ω/sq and 185 Ω/sq correspond to the first diffusion. Samples and cells labeled with single 55 Ω/sq diffusion are references. 
Fig. 7a reveals that the 185 Ω/sq diffusion when used as a first diffusion results in maximum implied 
Voc for the homogeneous emitter. However, no cell with a height-selective emitter could be made with 
185 Ω/sq because this diffusion led to more than 200 Ω/sq. For 135 Ω/sq as first diffusion height-selective 
emitter cells reach the best implied Voc and best Voc with metal contacts. Fig. 7b (left y-axis) shows that 
J0E of cells with a height-selective emitter is the lowest for Rsheet between 77 Ω/sq and 128 Ω/sq. Since 
cells with a height-selective emitter have a heavily doped emitter only at the tips of the pyramids but 
valleys are lowly doped the overall recombination in the emitter is lower than that for a homogeneous 
emitter with the same Rsheet. In Fig 7b (right y-axis in blue), the contact resistivity (rho) of cells with a 
height-selective emitter is lower than that of the homogeneous emitter in the range 76 to 120 Ω/sq. The 
standard deviation increases as Rsheet increases as well but the deviation is stronger for the homogeneous 
emitter. Rho keeps lower than 10 mΩcm2 up to 180 Ω/sq for height-selective emitter samples. Still at 214 
Ω/sq (height-selective emitter), rho is 11 mΩcm2. However for higher Rsheet, rho becomes higher than 30 
mΩcm2. 
The effective surface recombination velocity (Seff) was calculated by using the model of Kerr [6] (Fig. 
8). Kerr proposed a mathematical expression to compute the global rate of intrinsic recombination in 
silicon. In high injection level Seff becomes higher for all Rsheet but height-selective emitters benefited 
from a lower recombination. The sample with 77 Ω/sq height-selective emitter has a lower Seff than the 76 
Ω/sq homogeneous emitter in the whole injection range shown and their curves are parallel. Likewise, the 
height-selective emitter sample with 106 Ω/sq has a lower Seff than the homogeneous emitter sample with 
110 Ω/sq. However, the homogeneous emitter sample with 129 Ω/sq has a lower Seff than the height-
selective emitter sample with 126 Ω/sq possibly due to the better field effect passivation in favor of the 
homogeneous emitter at low injection level. The homogeneous emitter with 55 Ω/sq single diffusion 
behaves like the double diffused 48 Ω/sq homogeneous emitter. 
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Fig. 8b shows the internal quantum efficiency (IQE) and reflexion of selected samples. The blue 
response reaches the lowest values for the 45 and 50 Ω/sq. The response improves for increasing Rsheet. 
However, IQE does not reveal advantages of a height-selective emitter compared to a homogeneous 
emitter for similar Rsheet. For highly doped emitters, a small difference in the Rsheet leads to a dissimilar 
spectral response (45 and 50 Ω/sq, 75 and 77 Ω/sq). Nevertheless, for lowly doped emitters, these small 
differences in the Rsheet do not cause a strongly different blue response. 
 
 
Fig. 8. (a) Effective surface recombination velocity in dependence of the minority carrier density. (b) Spectral response. The 
samples and cells with a standard single 55 Ω/sq diffusion are referred as a reference. 
4. Conclusion 
Height-selective and homogeneous emitters were characterized. The microscopy analysis of silver 
crystallites led to a better understanding of the contact formation emitters with selectively doped regions 
of a pyramid. The height-selective emitter seems to bring several advantages: Due to a lower defect 
density than the homogeneous emitter, recombination in the emitter is reduced. At the same time, a good 
contact formation keeps the series resistance low, ensuring a high fill factor and high efficiency. 
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